Abstract. Within an ab-initio HF scheme, we use both Berry-phase calculations and supercell calculations in order to compute the dynamical charges for lattice dynamics and the electronic dielectric constant for KNbO 3 and BaTiO 3 . Comparison with experimental data indicates that HF provides a description of the electronic properties of this material whose accuracy is of the same order as the LDA one. There are however significant differences between the two sets of results, whose origin is scrutinized. Motivated by the study of surface and domain-boundary properties, we also present some results for BaTiO 3 slabs, including both genuinely isolated and periodically repeated slabs with different terminations. The capability of dealing with a genuinely isolated slab is a virtue of the localized-basis implementation adopted here. We demonstrate, amongst other things, the nontrivial dynamical-charge neutrality of BaTiO 3 [001] surfaces.
INTRODUCTION
Density-functional theory (DFT) has been very successful in predicting several physical properties of the ferroelectric perovskites, most implementations being performed within the local-density approximation (LDA). Here we assess the performance of the alternative Hartree-Fock (HF) scheme for these materials, which have an intermediate ionic/covalent character. In general, DFT is particularly convenient and accurate for metals and semiconductors [1] , while the HF scheme is very reliable for ionic crystals, and insulators in general [2, 3] . In this paper, we address at the HF level some fundamental dielectric properties, such as the dynamical ionic charges and the dielectric constant, in two paradigmatic ferroelectric perovskites: KNbO 3 and BaTiO 3 .
The very first HF study of a ferroelectric perovskite, at the ab-initio level, has been published very recently [4] . The case study was KNbO 3 , and several properties of the electronic ground state were investigated, including the broken-symmetry instability of the tetragonal structure of this material. In this same work the Berry-phase theory of macroscopic polarization [5, 6] is implemented within the HF scheme, using first-principles ingredients. Perhaps the most interesting result that has emerged is that the calculated HF spontaneous polarization of KNbO 3 in its tetragonal phase is 0.34 C/m 2 , quite close to the experimental value [7] , which is 0.37 C/m 2 , as well as previous LDA results [8] [9] [10] , which are between 0.33 and 0.40 C/m 2 . Although the computed value of the spontaneous polarization is almost identical within LDA and HF, we will show that there are significant differences when the dynamical charges of the ions are separately investigated. These polarizabilities are dominated by covalency effects, which plausibly are described in different ways at the HF and LDA levels.
We will then show that, by combining results from both Berry-phase calculations and supercell calculations, one has access to the theoretical value of the electronic dielectric constant ε ∞ [11] . It is well known that LDA overestimates the value of ε ∞ in any material, whereas it has been only guessed that HF underestimates it, since no calculation was previously available, for any material. Our HF calculated ε ∞ of KNbO 3 , BaTiO 3 and MgO are indeed smaller than experimental values.
Finally, we will show some results for BaTiO 3 slabs, including both isolated and periodic slabs with different terminations. Since most first-principles schemes are implemented within plane-wave based computational methods, they are very effective for infinite periodic systems but cannot treat the isolated slabs. Even the periodic slabs with moderate vacuum separations prove to be a heavy computational burden for plane-wave methods, and only a few such calculations have been performed for ferroelectric perovskites [12, 13] . The capability of dealing with a genuinely isolated slab is a virtue of the localized-basis implementation adopted here [2, 14] . We will discuss bulk dielectric properties, surface charge, surface energies, work function, and surface dynamical charges. We will show how the computed values of these quantities change as functions of the number of atomic layers and the thickness of the vacuum layers separating the periodic slabs. Owing to a recently discovered theorem, the dynamical charge of a given ion at a polar surface cannot have the same value as in the bulk [15] .
BULK DYNAMICAL CHARGES AND DIELECTRIC CONSTANT
The transverse (Born) charge tensor is defined via the macroscopic polarization ∆P linearly induced by a rigid displacement u s of the s sublattice, while the field is kept at zero value [16] . Namely,
where Ω is the cell volume, and atomic units are used throughout. The longitudinal (Callen) charge tensor Z * (L) is similarly defined, but with the sublattice Figure 1 . Cubic perovskite structure, with general formula ABO 3 , where in our cases A is either K or Ba (solid circles) and B is either Nb or Ti (shaded circle). The oxygens (empty circles) form octahedral cages, with B at their centers, and arranged in a simple cubic pattern. We will consider either displacements in the vertical direction, or slabs with horizontal surfaces. In both cases "O I " refers to top and bottom oxygen ions and "O II " refers to the four oxygen ions in the basal plane of the octahedron. We have therefore AO I and BO II planes.
displacement performed in a depolarization field ∆E = −4π∆P. The relation between the two dynamical charges is
where ǫ ∞ is the dielectric constant in the relevant direction. In general, the dynamical charge can be very different from the nominal static charge of an ion. The differences are particularly dramatic when the material has a mixed ioniccovalent character, such as the materials chosen in the present work [17, 18] . We calculate the Z * (T) as a Berry-phase [5, 6] , while we calculate the Z * (L) using a supercell technique. The latter approach was introduced by Martin and Kunc several years ago to compute dynamic charges in semiconductors [19] , and is still very much in use today in the framework of LDA pseudopotential calculations with plane-wave basis sets. The same supercell technique in the framework of HF calculations with a localized basis set was implemented for the first time in Ref. [11] . Since the aim of the present work is to assess the HF values versus LDA ones, we only present here results for the cubic structure. For KNbO 3 we use the lattice constant 4.016Å. This is the same value used in the LDA study of Ref. [10] , which is based on the low-temperature experimental data [7] . For BaTiO 3 , we use the lattice constant 4.006Å. Figure 1 shows the structure of these perovskites.
We use the Crystal95 code, which implements both the HF and LDA self consistent scheme with a linear-combination-of-atomic-orbitals (LCAO) basis set [14] . In our supercell calculations, we displace the sublattice of an atom in the supercell lattice, and compute the planar average of the charge density, potential, and field. We then perform additionally the macroscopic average defined as in Ref. [20] , which proves an invaluable tool in the present business. The output of the supercell calculations provide the longitudinal dynamical charges. We use both 3-fold and 4-fold supercells in our supercell calculations, which yield almost identical results. We refer to the original paper for more details [11] .
In our Berry-phase calculations, we compute the induced macroscopic polarization ∆P in zero field, and thus the corresponding transverse dynamical charges. In order to compare with the LDA results and examine the performance of our localized basis set, we also run the Crystal95 code in the LDA option for KNbO 3 . Our results for KNbO 3 dynamic charges are reported in Table I . The last column shows that the acoustic sum rule [16] is satisfactorily obeyed. A few calculations for Z * (T) of KNbO 3 at LDA level exist [8] [9] [10] : these data are slightly scattered and in some cases refer to slightly different geometries. Here we compare our results with Ref. [10] , which uses the same geometry. Our LDA Z * (T) are in reasonable agreement with those of Ref. [10] . The small differences may be due to the fact that our LDA exchange-correlation functional differs somewhat from that of Ref. [10] , and our pseudopotentials and basis sets are optimized for HF rather than LDA.
To determine the dielectric constant ǫ ∞ , we plot |Z * (T) | versus |Z * (L) |, and use a least-square fitting to determine the slope which yields ǫ ∞ . This is shown in Fig.  2 , which indicates that the correlation between our Z * (L) and Z * (T) is reasonably linear. For KNbO 3 we obtain the LDA value ǫ ∞ = 6.33, which is close to the LDA value of 6.63 obtained in Ref. [10] , and is about 35 % higher than the experimental value 4.69. Similarly, we obtain the HF value ǫ ∞ = 3.17, which is about 32 % smaller than the experimental value. [22] . We use the cubic lattice constant a = 4.21Å. We obtain HF Z * (L) = ±1.267 and Z * (T) = ±1.809, which yields a HF ǫ ∞ = 1.428. This value is about one half of the experimental value 2.94, while the LDA value reported in Ref. [23] is 3.14.
As a general conclusion about the study of bulk dielectric properties, we find that the calculated transverse dynamical charges are about of the same quality within HF and LDA, the trend being that the HF ones are generally closer to the nominal value of the corresponding static charges. This seems to indicate that HF tends to underestimate the covalence mechanism, while LDA tends to overestimate it. The resuts for the dielectric constants confirm this same message.
SURFACE PROPERTIES VIA SLAB CALCULATIONS
We now switch to the HF investigation of several surface properties of BaTiO 3 . To this aim we have used both isolated slabs and periodically repeated ones, while at this preliminary stage surface geometries have not been relaxed: all results refer therefore to ideal (truncated bulk) geometries. There are two major differences between the two kinds of calculations. First of all, there are interactions among the periodic slabs, which presumably vanish when the vacuum separating the slabs is sufficiently thick. Using a basis of plane waves (or plane-wave-like, such as LAPW), the increase in the vacuum space drastically increase the number of plane waves necessary for convergence, and therefore the computational workload. Secondly, the isolated slabs are calculated by imposing the boundary condition of vanishing external field, while the periodic slabs are necessarily calculated with the boundary condition of vanishing average field (over the supercell). This is a major problem when dealing with supercells built of asymmetrically terminated slabs, even in absence of macroscopic polarization. The reason is that the work functions of the two surfaces are generally different. The supercell is an artificial periodic structure of repeated slabs and vacuum layers, where the electrostatic potential is enforced Figure 4 . Macroscopic averages of the potential (electron 2 /bohr) for an isolated slab (solid line) and a periodically repeated slab (dashed line). Both calculations refer to slabs cut from a noncentrosymmetric bulk having the experimental ferroelectric distortions. The meaning of vertical bars is the same as in Fig. 3. to be periodical. This periodicity, combined with the vacuum-level difference (due to the different work functions), necessarily originates fictitious electric fields and static surface charges. Such unphysical charges can in principle be made arbitrarily small by increasing the thickness of the vacuum layers, but in practice a large enough supercell may be computationally unaffordable.
V (z)
The problem does not occur when performing calculations for isolated slabs within a localized basis set. As an example we plot in Fig. 3 the macroscopic average of charge density, potential, and field for an isolated slab with asymmetric termination, where however the slab has been cut from a centrosymmetric bulk. There are several very perspicuous features to remark. (1) First of all, despite the asymmetric termination of the slab of Fig. 3 , the macroscopic field vanishes both in the bulk region and in the vacuum region. This means that each of the two surfaces is neutral, as required by very general considerations. (2) One observes some structure only in the surface regions. Basically, there is a quadruple charge layer (two double layers) at each surface. We also see that in the middle region of the slab both the charge and field vanish and the potential remains constant. This means that the bulk like behavior is recovered in the middle region of the slab. (3) Although the field in the vacuum regions is zero, the potential goes to two different limits to the left and to the right of the sample. This net change in the potential across the slab is precisely the difference in the work functions of the two nonequivalent surfaces, discussed above. (4) We have additionally calculated all kinds of slabs (asymmetrically terminated as in Fig. 3 , doubly Ti-terminated, doubly Ba-terminated): all calculated surface properties look precisely the same, while instead they artificially do depend on the choice of the slab in the periodically repeated case.
As a matter of fact, periodically repeated slabs are systematically messed up by the above problems. We show here an example in Fig. 4 , where the occurrence of the fictitious field is very perspicuous, despite the large thickness of the vacuum region (6 lattice constants in this calculation). Because of this major problem, very few calculations of a periodically repeated slab (asymmetrically terminated) have ever been performed, for any material. For a discussion of the difficulties, see Refs. [12, 15] . By contrast with this, the isolated-slab calculation conveys a very clear message, and the slope of the potential in the bulk region of Fig. 4 is no artifact: the presence of a macroscopic field is a physical feature, related to the spontaneous polarization of the bulk material. This will be discussed in the following.
Polarization, surface charge, and surface dipoles
Let us consider the total dipole per unit area of a finite slab of n atomic layers: this dipole is easily evaluated from isolated-slab calculations simply looking at the net change in potential across the slab ∆V slab , and is obviously nonzero even for centrosymmetric slabs (with asymmetric termination), as in Fig. 3 . In the case of a ferroelectric slab, an additional contribution to the dipole comes from the spontaneous polarization. In the limit of large n, one must recover the appropriate bulk polarization. Since the nominal thickness of the slab is na/2, we write the dipole per unit volume as:
In the latter expression σ 0 is the charge per unit area which accumulates at the slab surface, and is a bulk property dependent on the spontaneous polarization of the material. Instead p 0 is proportional to the work function difference discussed above and is therefore a surface property. Our results are displayed in Fig. 5 , which shows the asymptotic behavior of P n : the surface charge σ 0 is clearly zero in the centrosymmetric case, while we estimate P ∞ = σ 0 = 0.089C/m 2 for the ferroelectric isolated slab.
Besides the above asymptotic extrapolation, an alternative path to evaluating σ 0 consists in measuring the macroscoic electric field in the middle of the isolated slab. In the centrosymmetric case we get zero field at any thickness, while the value of σ 0 extracted in this way from the ferroelectric slab calculation, shown in Fig. 5 as a triangle, is σ 0 = 0.095C/m 2 , in good agreement with the above mentioned value. Finally, we wish to compare the above calculated value of P ∞ to the bulk spontaneous polarization of the material, as measured in experiments and as previously calculated within LDA [9, 21] . It is important to notice that our P ∞ is by definition the macroscopic polarization in a depolarizing field, while the literature generally refers to the spontaneous polarization in zero field. The latter is related to the former by a factor ε ∞ , much in the same way as the longitudinal and transverse dynamical charges in Eq. (2).
Using our theoretical value of 2.76 for the HF dielectric constant we get a spontaneous polarization of 0.245C/m 2 , which compares extremely well to the experimental value of 0.263C/m 2 [24] , and to LDA values in the range 0.286 to 0.363 C/m 2 [9, 21] . In order to achieve a more meaningful comparison, we have also run our own Berry phase calculation using identical technical ingredients and geometry as in the slab calculations. We get a value of 0.240C/m 2 , in very good agreement with the above evaluation of the same quantity from the electric field inside the isolated slab. This shows the internal consistency of the HF properties, calculated at the HF level. Indeed, the small disagreement provides an estimate of the numerical error, within the same given physical approximation. We emphasize that, on the contrary, any periodic slab calculation would be affected by much larger numerical errors.
Surface energy
We report here a study of the surface energies. We emphasize that-since the surface geometries have not been relaxed-our preliminary calculated values have not to be taken as realistic. What we demonstrate instead is that using a genuinely isolated slab we have a fast convergence to the genuine surface properties, whereas convergence is rather slow in the periodic-slab geometry. Our slabs, made of n atomic layers cut from a centrosymmetric bulk, have symmetric termination for odd n, and asymmetric termination for even n.
In the present [001] geometry two nonequivalent truncations of the bulk crystal are obviously possible. Whenever this happens-as thoroughly discussed in the literature [25] -the surface energy of each of the nonequivalent surfaces is ill defined and any stability issue must be studied by introducing the appropriate chemical potential. We therefore address the average surface energy (over the two The average surface energy ∆E per surface unit cell can be evaluated from slab calculations (with n atomic layers) as the asymptotic value of
where E n (Ti) and E n (Ba) indicate the energy of a symmetrically terminated slab with Ti or Ba termination, respectively. From Fig. 6 we see that for isolated slabs, as n increases, the average surface energy converges very fast to the asymptotic value: from above for odd n, and from below for even n. On the other hand, the results for periodic slabs are sistematically lower than those of isolated slabs. This indicates that interactions among slabs still exist, even with a large vacuum separation: in all calculations reported here, we use a fixed supercell size of 12 interlayer spacings. We mention that the surface energies obtained in previous calculations at LDA level using periodic slabs are 0.921 eV [12] ) and 1.237 eV [13] for a relaxed geometry [12] ), while 1.358 eV is reported for the unrelaxed geometry [13] . As stated above, our geometry is unrelaxed: the data in Fig. 6 extrapolate to 1.69 eV.
Surface dynamical charges
We evaluate the surface longitudinal dynamical charges Z * (L) of BaTiO 3 from HF calculations performed on symmetrically-terminated slabs of seven atomic layers. The bulk is centrosymmetric, and the reference surface geometry is not relaxed. Upon displacing atoms in the surface region, we get the results in an analogous way as for the bulk longitudinal charges discussed above. The dynamical charges of ions in the first and second outermost surface layer are reported in Tab. III, together with the corresponding bulk values (taken from Tab. II), for the sake of comparison. We notice that BaO I planes and TiO II planes are nominally charge neutral, in the hypothesis of complete ionicity. But dynamical charges-particularly in a material having mixed ionic-covalent character as the present one-are dramatically different from the static nominal ones. As a matter of fact, the data in the last two columns of Tab. III show that BaO I planes and TiO II planes are far from being dynamically neutral, both in the bulk and in the surface region.
As observed above, the surface of a centrosymmetric slab is charge-neutral as far as the static charge accumulated in the surface region is concerned. This fact implies-owing to a recently discovered theorem [15] -that the surface region must also be dynamically neutral. We notice that the dynamical charges in the surface region deviate considerably from their bulk value, although they converge rather fast to it. A corollary of the dynamical-neutrality theorem, as applied to the [001] geometry considered here, states the the sum of the dynamical charges in the surface planes must add up to one half of the corresponding bulk value (with the appropriate sign) [15] . This sum rule-which can be regarded as the surface analogue of the popular acoustic sum rule for the bulk [16] -is very accurately fullfilled by our calculations. In fact summing over the two outermost surface layers we get −0.250 + 0.585 = 0.335 and 0.255 − 0.562 = −0.307 for the two nonequivalent surfaces. Both figures are indeed very close (in modulus) to one half of the dynamical charge of a given bulk plane.
CONCLUSIONS
We have reported several ab-initio HF results concerning bulk and surface properties of two important ferroelectric perovskites: KNbO 3 and BaTiO 3 . Though some of our results are preliminary, they indeed assess the accuracy of both the physical approximations and the computational implementation.
About the physical approximations, comparison of our results with the experiment indicates an overall trend: the HF results are about of the same quality as-but on the opposite side of-the LDA results. This trend makes HF an appealing method for "bracketing" a theoretical prediction: it is well exemplified by the case study of the dielectric constant ε ∞ discussed here for KNbO 3 , BaTiO 3 , and even for the simpler oxide MgO.
About the computational implementation within a localized basis set, we have emphasized its merits by showing some case studies of surface properties, where we can study genuinely isolated slabs in vacuo. This is at variance with basically all previous first-principle investigation of surface properties which, for any material, were typically performed within supercell (i.e. periodically repeated slab) geometries.
